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a b s t r a c t

Flexible zinc ion batteries (ZIBs) have been regarded as alternative portable energy storage technology
for wearable or flexible electronics due to their low cost and high safety performance. Development of
stable solid-state electrolyte with high ionic conductivity is a key to the practical application of ZIBs.
Herein, we construct a high rate performance and long cycling life quasi-solid-state ZIB using guar gum
bio-polymer electrolyte. The eco-friendly electrolyte synthesized in this work is highly flexible and
conductive (1.07 � 10�2 S cm�1 at room temperature). As a result, our flexible quasi-solid-state ZIBs
deliver a high specific capacity (308.2 mAh g�1 at 0.3 A g�1), and fast charging and discharging capability
(131.6 mAh g�1 at 6.0 A g�1). The elastic guar gum electrolyte can effectively suppress the formation of
zinc dendrites during cycling, leading to a remarkable cycling cyclability (100% capacity retention after
1900 cycles, 85% capacity retention after 2000 cycles at 6.0 A g�1) and high bending durability (81.3%
capacity retention after continuously bending to 180� for 1000 cycles). Moreover, the solid-state ZIBs
with guar gum electrolyte also function in a wide temperature window (5e45 �C) and deliver a better
low-temperature performance than that with aqueous electrolyte. To the best of our knowledge, this is
the first work that demonstrates high-performance ZIBs with guar gum as the electrolyte, and achieves
the best cycling performance ever reported for ZIBs (ZneMnO2) with solid-state electrolyte.

© 2019 Elsevier Ltd. All rights reserved.
1. Introduction

Zinc ion batteries (ZIBs) have been regarded as promising en-
ergy storage devices for wearable or flexible electronics due to their
high safety, environmental friendliness, and the abundance of Zn
source [1e9]. Conventionally, ZIBs utilize neutral or mildly acidic
zinc salt aqueous solution (e.g., ZnSO4 solution), which shows high
ionic conductivity and a large electrochemically stable window
[10]. Liu et al. drastically increased the stability of an aqueous
ZneMnO2 battery by adding an optimized amount of MnSO4 salt in
the ZnSO4 aqueous electrolyte [11]. However, electrolyte leakage is
still a major issue for ZIBs applications for wearable or flexible
electronics. To solve this problem, it is imperative to develop highly
conductive zinc ion solid-state electrolyte for wearable ZIBs
[10,12e15]. For example, Zhi et al. utilized a gelatin- and PAM-based
hierarchical polymer electrolyte with high ionic conductivities of
1.76 � 10�2 S cm�1 for a ZneMnO2 battery and it showed a high
specific capacity (306 mAh g�1 at 61.6 mA g�1) and excellent
cycling stability (97% capacity retention after 1000 cycles at
2772 mA g�1) [14]. Li et al. reported a very stable ZnSO4/MnSO4/
xanthan gum bio electrolyte and the ZIBs assembled using such
gum electrolyte show competitive performance to aqueous batte-
ries (~50% capacity retention over 1000 cycles at 1.54 A g�1) [10].
However, it remains a challenge to develop lost-cost solid-state
electrolyte for ZIBs with high rate performance and cycling
sustainability.

Herein, we utilize guar gum, a natural polymer that has been
widely used as a stabilizer and thickener in various food products
[16], to form free-standing solid-state ZnSO4/MnSO4 electrolyte. As
shown in Fig. 1a, the biopolymer presents a very ordered structure
of a b 1e4 mannose chain interposed with a 1e6 galactose
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Fig. 1. (a) The molecular formula of guar gum. (b) Photograph of the guar gum electrolyte. (c) 0.25 mm-thick guar gum electrolyte with 2 M ZnSO4 þ 0.1 M MnSO4. (d) Flammability
tests on the guar gum electrolyte. (e) Photograph of a folded guar gum electrolyte sample. (f) SEM image of the guar gum electrolyte. (g) FTIR spectra of guar gum and the guar gum
electrolyte. (h) AC impedance spectra of the guar gum electrolyte. (i) Arrhenius plot for the guar gum electrolyte with different concentrations.
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substituents in almost every second unit [17]. The guar gum is
abundant in nature, water-soluble, non-toxic, renewable, biocom-
patible, and cost effective [18]. The rawguar gum can be obtained in
bulk for less than 2 US dollar per kilogram. It is soluble inwater, salt
tolerant, and has high acid resistance, which render it an ideal
candidate for solid state electrolyte. It has been previously used as a
binder in LieS batteries, which achieved excellent cycling perfor-
mance and a favourably high rate capability [19]. Sudhakar et al.
demonstrated a supercapacitor based on a guar gum electrolyte
and the advantage of using guar gum in supercapacitor was not
significant [20]. However, the capability of guar gum as ion battery
electrolyte has not been investigated so far. In this work, demon-
strate high-performance ZIBs that employs guar gum as the elec-
trolyte for the first time, and achieve the best cycling performance
ever reported for ZIBs (ZneMnO2) with solid-state electrolyte. The
bio-polymer electrolyte was prepared by dissolving guar gum in
aqueous ZnSO4/MnSO4 solution and drying at room temperature
under ambient environment for solidification. The guar gum elec-
trolyte fabrication process is simple and efficient. It does not
require a water and oxygen-free environment, which is ideal for
scaling up production. The guar gum electrolyte shows a high ionic
conductivity of 1.07 � 10�2 S cm�1 at room temperature and
maintains remarkable flexibility. The guar gum electrolyte was
applied in the ZIBs based on carbon cloth current collectors with
MnO2-based hybrid cathodes and an electroplated Zn anode [21].
The ZIBs with guar gum electrolyte showed the merits of an ideal
battery: high capacity (308.2 mAh g�1 at 0.3 A g�1), high rate
capability (131.6 mAh g�1 at 6.0 A g�1), excellent cycling stability
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(100% capacity retention after 1900 cycles, 85% capacity retention
after 2000 cycles at 6.0 A g�1), a wide temperature working win-
dow (5e45 �C), and a high bending reliability (81.3% capacity
retention after continuously bending to 180� for 1000 cycles).

2. Material and methods

2.1. Preparation of the guar gum electrolyte

0.6 g guar gum (Aladdin) was added to 10 mL of 2 M ZnSO4 (AR
grade, Macklin) and 0.1 M MnSO4 (AR grade, Macklin) solution and
intensively stirred at room temperature until the guar gum was
dissolved. After solidification, guar gum electrolyte with good
flexibility was obtained.

2.2. Preparation of the cathode and anode

The MnO2 nanosheets were synthesized by a hydrothermal
method. The MnO2/rGO electrodes were prepared using a vacuum
filtration method [21]. 12 mgMnO2 nanosheets and 3 mg rGO were
dispersed in 3 mL isopropyl alcohol by sonication for 2 h. The
suspension was filtered through carbon cloth via vacuum filtration
and then the electrode was dried in a vacuum oven at 60 �C for 2 h.
Zn was deposited on the carbon cloth by an electrodeposition
method [12]. A piece of carbon cloth and Pt foil was used as work
electrode and counter electrode. 2.5 g ZnSO4$7H2O, 2.5 g Na2SO4,
and 0.4 g H3BO3 was dissolved in 20 mL distilled water and used as
electrolyte. The electrodeposition was conducted with a constant
current density of �40 mA cm�2 for 15 min at room temperature.

2.3. Structure and morphology characterization

The morphologies were characterized by a field-emission
scanning electron microscope (FESEM, Zeiss SUPRA-55). The crys-
tallinity and phases of the samples were examined by X-ray
diffraction (XRD, D8 Advance). FTIR spectra of samples were ob-
tained with a Bruker Vertex 70 Fourier transform infrared
spectrometer.

2.4. Electrochemical characterization

For impedance measurements on guar gum electrolytes, a piece
of guar gum electrolyte film was placed between two stainless
sheets. Impedancemeasurements were carried out between 10 kHz
and 0.01 Hz with an AC amplitude of 5 mV (CHI 660C, Shanghai CH
Instrument Co., Ltd.). The real impedances at the highest frequency
were taken as the bulk resistance. The equation of ionic conduc-
tivity can be expressed as s ¼ l/RA, where s is conductivity, and l, R,
and A represent the thickness of the guar gum electrolyte film, the
bulk resistance, and the area of the guar gum electrolyte film. The
electrochemical properties of the guar gum electrolyte were char-
acterized by using MnO2/rGO electrode as a cathode and electro-
plated Zn on carbon cloth as an anode. The mass loading of the
MnO2 is ~3 mg cm�2. Themass loading of the Zn is ~7 mg cm�2. The
electrode size is ~2 cm� 1.5 cm. The N/P ratio is around 3.87 due to
the he use of excess electroplated zinc anode. The quasi-solid-state
ZIBs were assembled by separating the MnO2 cathode and Zn
electrodes with guar gum electrolyte. The aqueous ZIBs were
assembled by separating the MnO2 cathode and Zn electrodes with
a separator (NKK separator) in a solution of 2 M ZnSO4 and 0.1 M
MnSO4. Cyclic voltammetry was conducted at a scanning rate of
0.2 mV s�1 from 1.0 to 1.9 V vs. Zn2þ/Zn (CHI660, Shanghai CH In-
strument Co., Ltd.). Galvanostatic charging/discharging cycles were
tested between 1.0 and 1.9 V vs. Zn2þ/Zn at different current den-
sities using a multichannel battery test system (CT2001A, Wuhan
Kingnuo Electronic Co., Ltd.). The Zn/Zn symmetrical cells with guar
gum electrolyte were assembled by separating the Zn electrodes
with guar gum electrolyte. The Zn/Zn symmetrical cells with
aqueous electrolyte were assembled by separating the Zn elec-
trodes with a separator (NKK separator) in a solution of 2 M ZnSO4
and 0.1 M MnSO4. The symmetric cell was measured at
0.24 mA cm�2.

3. Results and discussion

Fig. S1 shows photographs of the ZnSO4/MnSO4 aqueous solu-
tion and the guar gum electrolyte with ZnSO4/MnSO4 aqueous so-
lution. The guar gum electrolyte appears to be a very stable and
uniform gel electrolyte. To fabricate flexible batteries, solid-state
electrolyte thin films made of the guar gum were prepared.
Fig. 1b shows an optical image of a uniform guar gum electrolyte,
which is in white colour. The thickness of the guar gum electrolyte
can be as thin as 250 mm (Fig. 1c). It is shown in Fig. 1d that the guar
gum doesn't catch fire when it is exposed to fire using a pocket
lighter (Fig. 1d). Fire-resistant performance is critically important
for the application of electrolytes in batteries. The guar gum elec-
trolyte also demonstrates excellent flexibility and can be repeatedly
bent (Fig. 1e). Sufficient mechanical strength is essential for the
application of solid-state electrolytes in ZIBs. The stressestrain test
shows that the guar gum electrolyte exhibits a maximal stress of
0.65 MPa (Fig. S2). Fig. 1f shows a scanning electron microscope
(SEM) image of the surfacemorphology of the guar gum electrolyte,
which exhibits dense wrinkles in micrometre scale.

The Fourier transform infrared spectroscopy (FTIR) spectra of
the pure guar gum polymer and the guar gum electrolyte are shown
in Fig. 1g. As reported previously, the bands approximately
3412 cm�1, 2940 cm�1, and 1652 cm�1 are related to OeH stretch,
CeH stretch, and CO (carbonyl) stretching [17,22]. The band
approximately 1412 cm�1 corresponds to the CeH bond of the CH2
group [19]. The peaks observed in the spectra from 800 to
1200 cm�1 represent the highly coupled CeCeO, CeOH and CeOeC
stretchingmodes of the polymer backbone [16]. Comparedwith the
FTIR spectrum of the pure guar gum, the intensity of the peak
approximately 1120 cm�1 in the FTIR spectrum of the guar gum
electrolyte becomes dominant, which is directly related to the ex-
istence of SO4

2� [10].
The ionic conductivity (s) of the guar gum electrolyte was ob-

tained from the AC impedance spectra. The details of method and
experiment for measuring the ionic conductivity of the guar gum
electrolyte can be found in Material and methods. Fig. 1h shows the
AC impedance spectra of the guar gum electrolyte with 2 M
ZnSO4 þ 0.1 M MnSO4 at different temperatures. The calculated
conductivity values for different concentrations of guar gum elec-
trolyte at different temperatures are tabulated in Table 1. The
highest ionic conductivity at room temperature was
1.07 � 10�2 S cm�1 for the guar gum electrolyte with 2 M
ZnSO4 þ 0.1 M MnSO4, which among the highest conductivity of
zinc ion conducting polymer electrolytes, to the best of our
knowledge (Table S1). The temperature dependence of the con-
ductivity values for the prepared guar gum electrolyte with
different concentration ratios of ZnSO4 and MnSO4 at different
temperatures are shown in Fig. 1i. The increase in conductivity with
temperature is attributed to the increased polymer chain mobility
at high temperature, which facilitates ion hopping between adja-
cent coordination sites [23]. The activation energy (Ea) for the guar
gum electrolyte was obtained by linear fitting of the Arrhenius
equation s ¼ (s0/T)exp(�Ea/KT), where s0 is the per-exponential
factor, Ea is the activation energy, T is the absolute temperature
and K is the Boltzmann constant. The calculated Ea values and
regression values are tabulated in Table 2. The activation energy



Table 1
Conductivity values for different concentrations of guar gum electrolyte at different temperatures.

Concentration/temperature [�C] Ionic conductivity [S cm�1]

5 15 25 35 45

2 M ZnSO4 5.62 � 10�3 7.78 � 10�3 9.45 � 10�3 1.22 � 10�2 1.29 � 10�2

2 M ZnSO4 þ 0.1 M MnSO4 9.12 � 10�3 1.01 � 10�2 1.07 � 10�2 1.18 � 10�2 1.30 � 10�2

2 M ZnSO4 þ 0.2 M MnSO4 3.51 � 10�3 5.12 � 10�3 8.95 � 10�3 9.86 � 10�3 1.10 � 10�2

2 M ZnSO4 þ 0.5 M MnSO4 2.26 � 10�3 3.35 � 10�3 7.18 � 10�3 8.24 � 10�3 1.03 � 10�2

Table 2
Activation energy and regression value for the prepared guar gum electrolytes.

Concentration Regression value Activation energy Ea [eV]

2 M ZnSO4 0.9719 0.0959
2 M ZnSO4 þ 0.1 M MnSO4 0.9851 0.0541
2 M ZnSO4 þ 0.2 M MnSO4 0.9265 0.1242
2 M ZnSO4 þ 0.5 M MnSO4 0.9443 0.1566
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was the lowest (0.0541 eV) for the highest conducting guar gum
electrolyte with 2 M ZnSO4 þ 0.1 MMnSO4. We also tested the ionic
conductivity of aqueous electrolyte. The aqueous electrolyte shows
a high ionic conductivity of 4.8 � 10�2 S cm�1, which is higher than
the ionic conductivity of guar gum electrolyte.

The remarkable flexibility, good mechanical performance, and
high ionic conductivity make the guar gum electrolyte ideal for
solid-state ZIBs. We assembled solid-state ZIBs with the guar gum
electrolyte (with 2 M ZnSO4 þ 0.1 M MnSO4) in an open-air envi-
ronment. a-MnO2 nanosheets were synthesized by a hydrothermal
method and a flexible MnO2/reduced graphene oxide (MnO2/rGO)
composite electrode on carbon cloth was used as the cathode [21].
Electroplated Zn on carbon cloth was used as the anode (Fig. 2a)
[12]. No separator was used. The X-ray diffraction (XRD) pattern in
Fig. 2. (a) Schematic illustration of the structure of the solid-state ZneMnO2 battery. (b) XRD
MnO2 nanosheets. (d) SEM images of electroplated Zn on carbon cloth.
Fig. 2b shows the crystalline phase of a-MnO2 (JCPDS: 44-0141).
The SEM image in Fig. 2c shows that the a-MnO2 exists as uniform
nanosheets with lengths/width on the micrometre scale and
thickness of less than tens of nanometres. The diffraction peaks of
the electroplated zinc (Fig. 2b) are well indexed to Zn (JCPDS: 4-
831). Fig. 2d shows a typical SEM image of electroplated zinc,
showing homogeneous Zn nanosheets immobilized on the carbon
cloth substrate.

The CV curve (Fig. 3a) of the solid-state ZIBs with guar gum
electrolyte shows reversible redox peaks (reduction peaks: 1.205
and 1.353 V, oxidation peak: 1.644 V) in the initial two cycles. In
Fig. 3b, the solid-state ZIBs with guar gum electrolyte present two
discharge plateaus at the initial three cycles. The solid-state ZIBs
show rather different charge/discharge curves for the initial two
cycles. This phenomenon has been reported previously that the
different discharge voltage in initial two cycles results from the
variation of Gibbs free energy of MnO2 with different surface en-
ergy [11]. The as-fabricated batteries deliver capacities of 294.7,
301.5 and 303.1 mAh g�1 at 0.3 A g�1 in the initial three cycles. At
the 10th cycle, it maintains stable capacities at approximately
308.2 mAh g�1. In Fig. 3c, the ZIBs with the guar gum electrolyte
exhibit a remarkable rate capability, showing discharge capacities
of 279.4, 227.9, and 181.6 mAh g�1 recorded at current densities of
spectra of MnO2 nanosheets and electroplated Zn on carbon cloth. (c) SEM image of the



Fig. 3. (a) Cyclic voltammogram of the solid-state ZIBs with guar gum electrolyte. (b) The charging/discharging profiles of the initial three cycles and the 10th cycle at the current
density of 0.3 A g�1. (c) Specific capacities of the solid-state ZIBs at various current densities. (d) The discharging profiles of solid-state ZIBs with guar gum electrolyte at different
temperatures (dotted line represents the aqueous electrolyte for comparison). (e) Rate performance of the solid-state ZIBs at different temperatures. (f) Ragone plots of the solid-
state ZIBs with guar gum electrolyte. The values (based on the mass of the active materials) reported from other electrochemical energy storage devices are included for comparison
[10,12,23e29].
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0.6, 1.5, and 3.0 A g�1, respectively. Moreover, the ZIBs with our
polymer electrolyte showed high discharge capacities of
131.6 mAh g�1 at a high current density of 6.0 A g�1 with a short
discharge time of only 79 s, indicating its ultrafast charge-discharge
ability. The rate capability of the solid-state ZIBs with guar gum
electrolyte is superior to that of the most recently reported ZIBs
(ZneMnO2) with solid-state electrolyte, such as a ZneMnO2 battery
with PVA electrolyte (76 mAh g�1 at 5.58 A g�1) [12], a ZneMnO2

battery with xanthan gum (120e150 mAh g�1 at 3.08 A g�1) [10]
and a ZneMnO2 battery with gelatin- and polyacrylamide-based
hierarchical polymer electrolyte (150 mAh g�1 at 1.848 A g�1)
[14]. This superior rate performance is mainly attributed to the high
ionic conductivity of the guar gum electrolyte and the good con-
ductivity of the rGO in the cathode. When the current density
shifted back to 0.3 A g�1, the capacity recovered to 297.8 mAh g�1,
showing a strong tolerance to the high-speed conversion reaction
(Fig. 3c). The capacity of the subsequent cycles (339.4 mAh g�1) is
higher than that of the first several cycles. This is probably due to
the gradual activation of the electrode.

From a practical and industrial perspective, ZIBs for wearable or
flexible electronics should operate safely in a wide temperature
window. The discharging profiles of solid-state ZIB with guar gum
electrolyte at 5.0 A g�1 within the temperature range
5 �C � T � 45 �C are shown in Fig. 3 d. At 25 �C, the solid-state ZIB
with guar gum electrolyte had a specific capacity of 144.0 mAh g�1,
which is lower than that of ZIB with aqueous electrolyte (Fig. S3).
This is attributed to the aqueous electrolyte with higher ionic
conductivity (4.8 � 10�2 S cm�1) at room temperature. However,
the solid-state ZIBs with guar gum electrolyte deliver a better low-
temperature performance than that of ZIBs with aqueous
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electrolyte. At 5.0 A g�1, the solid-state ZIB with guar gum elec-
trolyte retains capacities of 129.0 and 103.2 mAh g�1 at 15 and 5 �C,
respectively, which are 90% and 72% of the capacities delivered at
25 �C. In comparison, ZIBs with aqueous electrolyte deliver much
lower capacities at 15 and 5 �C. The discharge capacity retentions of
ZIBs with aqueous electrolyte at 15 and 5 �C compared with that at
25 �C are 57% and 51%, respectively. To demonstrate the electro-
chemical performance of the ZIBs at high temperature, the
discharge capacities of ZIBs with both guar gum electrolyte and
aqueous electrolyte were measured at 35 and 45 �C. Notably, the
ZIBs with guar gum electrolyte exhibit higher capacities (176.4 and
193.9 mAh g�1 at 35 and 45 �C, respectively) at 35 and 45 �C than
the ZIBs with aqueous electrolyte (158.3 and 171.2 mAh g�1 at 35
and 45 �C, respectively). The rate performance of the solid-state
ZIBs at different temperatures is further presented in Fig. 3e. At
5 �C, the ZIBs with the guar gum electrolyte exhibits good rate
capability, showing discharge capacities of 141.7, 132.6, and
113.5 mAh g�1 at current densities of 0.6, 1.5, and 3.0 A g�1. Even at
6.0 A g�1, the discharge capacity retention of solid-state ZIBs at 5 �C
compared with that at 25 �C is 71% (99.5 mA h g�1). At 45 �C, the
ZIBs with the guar gum electrolyte show discharge capacities of
246.9 and 191.3 mA h g�1 at current densities of 3.0 and 6.0 A g�1.

The energy and power densities of the solid-state ZIBs with guar
gum electrolyte are shown in Fig. 3f. The maximum energy density
was 416 Wh kg�1 and the peak power density was 7.8 kW kg�1,
both of which are higher than previously reported values for flex-
ible ZIBs with xanthan gum [10], a solid-state NieZn battery [24],
alkaline ZneMnO2 battery [25], NieFe battery [26], aqueous
lithium battery [27,28] and Al-ion battery [29]. Additionally, at high
current rates, the energy density of our batteries is higher than that
of a ZneMnO2 battery with PVA electrolyte [12], and the power
densities are comparable.

The cycling performance of the solid-state ZIBs with guar gum
electrolyte was also measured at a high current density of 6.0 A g�1

at 5, 15, 25 and 35 �C, respectively (Fig. S4 and Fig. 4a). At 5 and
15 �C, the specific capacity of the ZIBs with the guar gum electrolyte
firstly increased and then maintained steady after a period of time
(Fig. S4). At 35 �C, the specific capacity of the ZIBs with the guar
gum electrolyte firstly decreased slightly and then maintained
steady (Fig. S4). After 500 cycles, the discharge capacity finally
maintained steady at 98, 109, and 145 mAh g�1 for the current
density of 6.0 A g�1 at 5, 15 and 35 �C, respectively. At 25 �C, the
capacity of the solid-state ZIBs with guar gum electrolyte increases
in the first 700 cycles. It rises from 106.7 mAh g�1 (1st cycle) to
139.4 mAh g�1 (700th cycle). Then the specific capacity stabilizes at
143 mAh g�1. It starts to decline after 1400 cycles. Eventually, after
1900 charge/discharge cycles, the specific capacity is 107.1 mAh g�1

and the capacity retention remains around 100% (compared with
the specific capacity of 1st cycle). The cycling performance of the
solid-state ZIBs with guar gum electrolyte is superior to that of the
most recently reported ZIBs (ZneMnO2) with solid-state electrolyte
(Table S2). Even as the number of cycles reached 2000, 85% of the
initial capacity remains, suggesting the superior cycling stability of
the solid-state ZIBs with guar gum electrolyte, which is apparent in
comparison with the cycling performance of ZIBs with aqueous
electrolyte. As shown in Fig. S5, the corresponding initial coulombic
efficiency of solid-state ZIBs is 82%. The coulombic efficiency
maintains well around 100% under long cycles, demonstrating a
high reversibility during long-term cycling. The low coulombic ef-
ficiency in the first charge/discharge process is probably caused by
the irreversible structural change because part of inserted Zn
cannot be extracted from the host lattice. The cycling performance
of the solid-state ZIBs with guar gum electrolytewas also measured
at low current density (0.6, 1 and 2 A g�1) and the results are
presented in Fig. S6. We checked the morphology of the cathode
and anode in the solid-state ZIBs after the cycling experiments. No
obvious difference in the morphology of MnO2 and Zn after cycling
test was observed compared to the morphology of the pristine
MnO2 and Zn (Fig. S7). This indicates that the utilization of guar
gum electrolyte maintains the structural stability of the MnO2
cathode and Zn anode. The energy-dispersive X-ray (EDX) spec-
trum in Fig. S7b of indicates that the electroplated Zn anode in guar
gum electrolyte after cycling consists mainly of Znmetal. This result
is consistent with the XRD pattern in (Fig. S8).

We also studied the cycling stability of the ZIBs in guar gum
electrolyte and aqueous electrolyte when zinc foil was used as an
anode. As shown in Fig. 4b, the cycling performance of the batteries
with guar gum electrolyte is superior to that of batteries with
aqueous electrolyte. XRD measurements were performed to anal-
yse the composition of the zinc foil anode after cycling. The
diffraction peaks of the zinc foil anode in guar gum electrolyte and
aqueous electrolyte after cycling (Fig. 4c) are well indexed to Zn
(JCPDS: 4-831), indicating that zinc foil anodes in guar gum elec-
trolyte and aqueous electrolyte after cycling consist of Zn metal.
However, the morphology of the zinc foil anodes after cycling is
quite different when using different electrolyte systems. When the
zinc foil anodewas tested in guar gum electrolyte, the surface of the
Zn foil after 75 cycles (Fig. 4e), 100 cycles (Fig. S9a) and 200 cycles
(Fig. S9b) was still as smooth as that of the fresh Zn foil (Fig. 4d). No
zinc dendrite formation was observed. When the zinc foil charged/
discharged in aqueous electrolyte after 75 cycles, the surface of the
zinc foil became textured and zinc dendrite formation was
observed (Fig. 4f). When ZIBs with aqueous electrolyte were uti-
lized, dendrites that form on the metal anodes during charge/
discharge process may penetrate through separators and short-
circuit the battery (Fig. 4g). Thus, utilization of the guar gum
electrolyte effectively suppresses the formation of zinc dendrites in
the zinc electrode during the cycling process (Fig. 4g).

To further confirm our suspicion, we compared the stability and
reversibility of a Zn/Zn symmetric cell with aqueous electrolyte or
with guar gum electrolyte. As shown in Fig. 4h, for the aqueous
electrolyte Zn/Zn symmetric cell, there is a sudden increase in
polarization after 70 h for only 35 cycles of Zn stripping/plating. In
contrast, with guar gum electrolyte, the Zn/Zn symmetric cell
shows excellent kinetics and stability of Zn stripping/plating. Even
after 290 h of Zn stripping/plating, no sudden increase in polari-
zation was observed. It is found that the Zn electrode exhibits a
textured and dendrite surface after 70 h in the aqueous electrolyte
(Fig. S10a). However, after more than 70 h, the surface of Zn plate
still remains smooth and dendrite-free (Fig. S10b). A similar surface
morphology for the Zn anode was also observed in a Zn/MnO2 full
cell with guar gum electrolyte (Fig. 4e). This would be very
important for the long-term cycling stability of Zn/MnO2 batteries.

To investigate the reaction mechanism of the MnO2 cathode
with the guar gum electrolyte, ex situ XRD measurements were
conducted on the MnO2 electrode after discharge to 1.0 and charge
to 1.9 V. As shown in Fig. 5a, typical ZnMn2O4 and MnOOH peaks
were observed after discharge to 1.0 V. The appearance of the
ZnMn2O4 andMnOOH strongly supports themechanism that the a-
MnO2 cathode experiences Zn2þ insertion and Hþ insertion
[11,30,31]. The XRD signal of ZnSO4[Zn(OH)2]3$xH2O is also
observed at the discharged state. It has been reported previously
that the Hþ ions react with MnO2, the sequent OH� ions react with
ZnSO4 and H2O in the electrolyte to form ZnSO4[Zn(OH)2]3$xH2O
[11]. For the charged state, the crystallinity of the MnO2 electrode
reverts to those of the original MnO2 electrode, which implies a
reversible structure change (Fig. 5b). This is consistent with the
reversible charge/discharge behaviours of Zn/MnO2 aqueous bat-
teries in the literature [11].



Fig. 4. (a) Cycling stability of ZIBs with an electroplated zinc anode in guar gum electrolyte and aqueous electrolyte cycled at 6.0 A g�1. (b) Cycling stability of the ZIBs with zinc foil
in guar gum electrolyte and aqueous electrolyte cycled at 0.6 A g�1. (c) The XRD pattern of fresh Zn foil, Zn foil anodes from ZIBs with guar gum electrolyte and aqueous electrolyte
after cycling. Morphology images of (d) fresh zinc foil, (e) zinc foil in guar gum electrolyte after cycling, and (f) zinc foil in aqueous electrolyte after cycling. (g) Schematic diagram of
the morphology change of the zinc foil in guar gum electrolyte and aqueous electrolyte after cycling. (h) Zn stripping/plating from Zn/Zn symmetrical cells at 0.24 mA cm�2 in guar
gum electrolyte and aqueous electrolyte.
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For wearable applications, solid-state ZIBs are required to be
highly flexible. We tested the flexibility of the solid-state ZIBs with
guar gum electrolyte by bending the devices to a radius of
approximately 1.37 cm. The batteries maintained their original
electrochemical properties (Fig. 6a). Notably, we observed
remarkable capacity retention of 81.3% even after the battery was
Fig. 5. (a) The XRD pattern collected from the MnO2 electrode discharged to 1.0 V. (b) The
back to 1.9 V.
continuously bent to 180� for 1000 cycles (Fig. 6b). This excellent
flexibility is due to the good flexibility of the materials in the bat-
tery, including the guar gum electrolyte and the carbon cloth cur-
rent collector. Moreover, the solid-state ZIBs with guar gum
electrolyte successfully powered an E-ink display under normal
and bending (a radius of 0.6 cm) conditions, demonstrating its
XRD patterns collected from original a-MnO2 electrode and a-MnO2 electrode charged



Fig. 6. (a) Discharge curves under normal and bending conditions with a bending radius of 1.37 cm. (b) The capacity retention of solid-state ZIBs with guar gum electrolyte in a
bending test for 1000 cycles. Solid-state ZIBs with guar gum electrolyte power an E-ink display under (c) normal and (d) bending conditions.
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promising potential in personalized wearable electronics
(Fig. 6ced, Movie S1). To further investigate whether the ZIBs can
withstand a sudden hit or impact that may frequently occur to a
flexible device in a practical situation, the solid-state ZIBs with guar
gum electrolyte were subject to consecutive hammering tests. Even
after being violently hammered, it could still function and power an
E-ink display without failure (Fig. S11, Movie S1). The water-
proofing of solid-state ZIBs is also a key factor for practical appli-
cations. The battery was capable of powering a timer when the
entire device was immersed in water, demonstrating its water-
proofness (Fig. S12).

Supplementary data related to this article can be found at
https://doi.org/10.1016/j.mtener.2019.100349.
4. Conclusions

In summary, we report the preparation of a solid-state electro-
lyte for ZIB applications, which possesses excellent flexibility and
high-ionic conductivity. ZIBs with such electrolyte show a high
capacity, fantastic rate capability, excellent cycling stability, and
high reliability after cycles of bending. It works safely within awide
temperature window (5e45 �C) and delivers a better low-
temperature performance than that of ZIBs with aqueous electro-
lyte. Utilization of the guar gum electrolyte effectively suppresses
the formation of zinc dendrites and maintains the structural sta-
bility of the cathode/anode after long cycling, which improves the
stability of the solid-state ZIBs. The guar gum electrolyte may boost
the practical applications of ZIBs.
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